Educating physicians to order diagnostic imaging examinations more cost-effectively is a difficult and time consuming task, which may be assisted significantly by the use of an expert system. This report is based on a study undertaken at the Health Sciences Centre in Winnipeg, Manitoba, to determine the feasibility of implementing an expert system to aid physicians in selecting appropriate imaging studies. The report reviews the potential benefits, requirements, and limitations of expert systems under development, and highlights the major issues to be considered in choosing such a system for implementation. An extensive literature search was done and is included to aid the reader interested in pursuing this opportunity for improving the cost-effective utilization of expensive diagnostic imaging resources. ADIOLOGY IS A rapidly expanding field of medicine, making applicable and useful techniques obsolete in a few years time. The radiologist, as well as the physicians and clinicians who order the diagnostic imaging examinations, must stay up to date on these new advances and techniques. Choosing an inappropriate exam or the wrong sequence subjects the patient to unnecessary expense, radiation, or other forms of physical, emotional, or financial harto. To use examinations efficiently, the physician or clinician must use the patient's signs and symptoms to determine the most effective exam for clarifying the underlying disease.
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Radiology technology today, although extremely beneficial, is also very costly. The most economic way to finance new technology and research is by eliminating unnecessary radiographic examinations and, therefore, expenses.
The implementation of a radiology expert system could aid the department in several ways. The system could allow the radiology department to keep up to date on the exploding field of radiology, reduce unnecessary tests, and allow it to use its available resources to their full capacity, while moving towards the improvement of the overall quality of patient care.
CURRENT ORDERING PROCEDURES
Usually, the physician concentrates on providing the highest quality of patient care possible with little or no respect for the costs involved/ The relationship between cost containment and quality of care, however, is a relationship that requires additional attention in all areas of medical care. Today, cost is a central issue in health care. The pursuit of quality care is frequently misguided. Many methods exist to regulate and discipline the medical profession to provide cost effective care. 2 Despite such efforts, there are still many problems in the radiology department regarding the ordering and scheduling of radiologic examinations.
There ate several reasons for the overuse and misuse of radiologic exams. Apprehension about malpractice, physician's lack of knowledge about testing, desire for definite certainty of diagnosis and patient demand are but a few of many factors that influence the physician's actions and usually lead to increased and unnecessary testing. 3 It is important to encourage efficient and intelligent use of the available technology.
An increase in diagnostic imaging examinations over time is welcome when it can provide valuable clinical information. However, there is concern that physicians may be ordering an extreme number of tests. This problem is further amplified in teaching hospitals where medical students and young physicians first learn styles of patient care, resource use, and decisionmaking methods. 3 In teaching hospitals, diagnostic tests are ordered significantly more often than in community hospitals, resulting in higher patient eare costs." Most of these tests are attributed to educational purposes.
The use of radiology service was studied at the Health Sciences Center. 5 It was determined in the study that "virtuaUy all expenditures can be moderated ir only high yield and important examinations are performed." Along with needless repeat studies, many examinations were either too early to follow an established illness, or ill-directed clinically. The authors believed that the utilization of radiologic exams was 30% greater than necessary. Of this 30%, 10% were duplicate or ill-directed; 10% would not have been necessary if previous medical information and tests could have been promptly available for the physician and the radiologists to use in their decision-making process and 10% were not justified because of either low yield, ill timing, or the little benefit they provided to the patient or society. 5
The clinicians who request the examinations are usually the least knowledgeable about newer diagnostic imaging procedures, further aggravating the department's problems. The magnitude of expensive technologies that are available for the same clinical problems, with coinciding and sometimes conflicting benefits as well as costs, dangers, and other contradictions, make it difficult for the physician to decide among them. 6 This reinforces the reasons for implementing an expert system into the department first as an educational device.
Radiologists currently have insufficient influence over the choice of tests. The separation of the various imaging departments from each other and the rest of the hospital has made it difficult for the radiologist to play ah active role in diagnostic management. 7 The likelihood, however, of having radiologists acting exclusively as advisors is nota realistic answer. In recent years, several methods have been used, attempting to limit the number of unnecessary tests. AR Martin et al 3 discuss many of these methods. Such methods include monetary incentives, chart reviews, limits on the numbers of tests ordered in a day, notification of the physician about the use of tests in comparison with that of their peers, notification of a physician when a test did not meet their predetermined criteria for ordering, daily feedback of the tests costs to the physician, and frequent physician evaluation. None have proved effective or easy to evaluate.
Ideally a department would be able to use all of these methods with the assistance of computer technology that is cost-effective, user friendly, and capable of becoming an integral part of the department, even after the reduction of the problem of ill-ordered tests. However, it must be certain that economic concerns do not jeopardize the quality of patient care. 6 Therefore, many hospitals are considering the acquisition of expert systems to help the radiologist in the advisory and critiquing role. The system would not only critique the proposed plan but play the role of a helpful tutor. An expert system, such as the PHOENIX system, would teach the user means of quantitative decision analysis, allowing hito or her to become more aware of the rationale of ordering diagnostic imaging studies. The physician would be encouraged to identify the problem, the information needed to answer a question, and the best test that would provide that information.
Installing an expert system, interfaced with a Radiology Information Management System (RIMS), would reduce the department's resource problem. The computer aids the user in requesting examinations, critiques the user's diagnostic imaging plan, suggesting appropriate exams and indicating which tests are duplicate or redundant. Duplicate tests done at other hospitals, outside clinics, or even simply other departments, could be controlled. The expert system would be able to advise what the test would accomplish, showing if the dangers of the examination are greater than the value of the information given by the procedure. By limiting unnecessary tests, the radiology department could accommodate more needed examinations and reduce the waiting period for available exams.
Before implementing an expert system, evaluation of the ordering of imaging procedures would be done to measure the impact of the system on the radiology department. This evaluation would include determining the number of particular tests performed each year and comparing it to the yearly totals once the system had been installed. An effort would be made to decide whether a reduction in the amount of unwarranted radiologic examinations has been achieved. This, however, is extremely difficult since it requires deciding which tests were useful. One method is to have the referring doctor decide initially what benefit he antici-pates from a study and then, once performed, the actual benefit is realized as well as its effects on the patient's management. This decision is especially demanding in a teaching hospital since a test may be performed purely for its educational benefits. Although such a test may not aid the patient significantly, perhaps it will help the student, enabling him or her to be a more effective diagnostician in future years. Monitoring other variables such as waiting periods and average cost for the imaging patient or per disease process would serve as methods of evaluation.
EXPERT SYSTEMS
An "expert" or "knowledge-based" system is a computer program designed to represent and utilize factual knowledge of specific areas to solve problems. The systems use symbolic logic and heuristics (a rule of thumb or simplification that limits the search for solutions in domains that are difficult and poorly understood) to find solutions. Like human experts, they make mistakes and can learn from their errors. 8 A computer-based expert system, however, has several advantages over human experts. The computer has increased reliability, consistency, and accessibility. It can find the desired information faster, and requires a shorter time to try alternatives. A particular advantage of the expert system is the ease with which its knowledge can be duplicated and therefore made available to a large number of individuals.
Expert systems have been developed fora multitude of application areas--such as geology, chemistry, military science and law--yet the medical domain is the most popular. One of the earliest and most widely known expert systems is MYCIN, developed at Stanford University. MYCIN helps a physician diagnose and treat infectious blood diseases and is now used for research and teaching. Other expert medical systems provide interpretation of medical test data, diagnosis, and recommended therapy, s
The PHOENIX expert system was developed at the University of Chicago for selecting the most appropriate diagnostic imaging procedures. The PHOENIX is a rule-based system, meaning that it expresses its knowledge about radiologic procedures by a set of rules. These rules are written as IF conditions followed by THEN predicates. The advantages of a rulebased system, over other programming methods are its abilities to apply the rules to actual patient data, and to provide a method for justification of the rules. PHOENIX uses a forward chaining inference engine to set up the applicable rules. 9 This means that the part of the expert system that contains the general problem-solving knowledge (the inference engine) uses a technique matching the IF portion of rules against facts to establish new facts which help to access and apply the domain knowledge. An expert system that is quite similar to the PHOENIX is the CASPER system developed by Greenes et al at the Harvard Medical school. CASPER (Computer-Aided Selection of Procedures and Evaluation of Results) is described in detail by Greenes. lo CASPER attempts to decide the suitable diagnostic workup strategy for clinical problems that involve diagnostic imaging procedures, lo
Unlike expert systems such as CASNET 1~ and INTERNIST-I, ~2 in the fields of glaucoma and general internal medicine respectively, PHOENIX uses a "critiquing" approach. This technique bases itself on the model originally developed by Perry Miller in the ATTENDING expert system, which critiques medical students' plans for anaesthetic management. 13 Critiquing enhances a program's acceptability. In pure consultation systems, it may prove annoying for the user to have to override the computer's decisions and provide explanations. With the critiquing approach, the computer only interrupts when significant disagreement occurs. The system structures its responses to the physician's plans rather than trying to tell the physician what to do. It questions the physician, suggests alternatives, and explains its reasoning. 9 This allows the user to take advantage of the ability of the computer to retain an immense amount of facts while still using human commonsense knowledge and intuition. The physician is never forced to act on the computer system's advice. The critiquing approach is particularly wellsuited for domains such as medicine, where decisions depend significantly on subjective judgement. 14 An expert system should be viewed asa "tool." The greatest accountability still remains with the physician. This allows physicians to prepare plans on their own but to have those plans double-checked by the system before acting on them. 13
POTENTIAL USES AND BENEFITS
Ideally, the expert system would fit into the normal routine of the radiology department, prove to be a successful educational tool, and help select the best imaging procedures to reduce the patient's hospital stay and hospital expenses. To accomplish these three tasks, there are several requirements the system needs to meet.
The expert system would have to produce clear responses to questions regarding complex clinical situations. Straightforward situations do not require computer aid (except in an educational setting)) 4 The system would have to be able to deal with difficulties such as spanning multiple problem areas, to have knowledge of interacting medical problems, to be able to suggest multiple procedures, to deal with contradictory or inconsistent data, and to be capable of dealing with complex, real situations while recognizing its own limits. Its knowledge base must be extensive enough to include all the procedures provided by the hospital, and to adapt its rules depending on which imaging tests are available in the specific hospital.
If an expert system is in a teaching hospital, it should be used not only for order entry and consultation but also for education. The system's function asa radiology consultant would be its first and most important task. To be a successful learning instrument it must be extremely user friendly. To accomplish this, the system would ideally come with various accessories such as ah extensive manual, a quick reference pamphlet, tutorial program, practice module available for training purposes, training courses, and system specialist support accessible 24 hours per day, 7 days per week.
The expert system would work as the physician's ally rather than competitor. To do so, the system must maintain a record of its reasoning. It would provide constructive feedback on the user's performance, provide both explanations and references for its information and recommendations, and let the user review areas where he differed from the system's suggestions. The system would provide descriptions and explanations of the imaging procedures. The expert system would require the user to take account of previously ordered studies before requesting additional procedures, question the referring physician for relevant clinical information, and suggest alternative imaging procedures where appropriate.
Finally, to make the system a successful educational tool it would need to be user friendly. The user would be an active participant in the learning process rather than a passive recipient of information. The user can learn at a time that is convenient to him or her (this quality would be particularly helpful for a practising physician). Operating with a variety of different modes of input depending on the preference of the user (keyboard, touchscreen, mouse, light pen, voice) is a necessity. There must be a permanently available help function and menu. The system should request initial input from the user, not just tell him or her what to do. This required input could help the computer identify which users need further education and training in requesting radiology exams. The computer could provide motivation for the physicians to improve their performance, while documenting their success, a5
Presently, there is a shift in the emphasis of medical students' training from memorization to the effective use of resources for information retrieval and problem solving, lo The use of an expert system in the radiology department is a method of using such information retrieval to its optimal potential. The system could encourage medical students' learning by prompting their curiosity and requiring them to consider other possibilities simply by having menus describing possible choices available. A question asked by the computer may alert the user to some crucial information that had not been taken into consideration in his initial diagnostic imaging plan. Although expert systems can be used as consultation devices, their implementation in teaching hospitals would require them to be not only critics but also effective teachers.
Expert systems should have additional applications and capabilities that would increase their value to the radiology department. They should have a brief response time and be accessible from patient wards on the hospitalwide information system. No time-sharing con-flicts should exist, and all information would be available online to be retrieved instantaneously. Linking the expert system with the hospital's existing Hospital Information System (HIS) would enable the expert system to consider specific patient demographics when suggesting appropriate radiologic examinations. The system should use a straightforward rule syntax so that prior computing programming experience would not be required to change rules that describe the decision-making process. This would allow easy updating and modification. Nonprogrammers would be able to extend the knowledge base. Ideally, the implementation of an expert system would encourage greater communication between referring physicians and radiologists in planning the imaging workup. Once the diagnostic strategy was determined, appropriate procedures could be ordered and scheduled.
Another benefit of an expert system would come with its eventual implementation into smaller hospitals and clinics. The physician would be able to make sure that the test he is ordering is the appropriate one, and avoid having his patient travel a distance to a larger hospitals only to discover that the examination is inconclusive, requiring further ordering of tests and travel for the patient. Hospitals with their own diagnostic imaging equipment could use the expert system not only asa critic but also as a method to ensure consideration of more up-to-date imaging techniques. The system would suggest the more appropriate test and provide references and explanations for the physician.
Even when the developed expert system is able to accomplish all the above tasks, its advice could still be rejected by the end-user. It must not infringe on the physician's management role. Shortliffe 16 discusses many possible fears of physicians. Physicians may fear that the implementation of an expert system may cause them to lose their rapport with the patient. There is also the fear of loss of control, and of the challenge of independent problem solving. Conventionally, there is a tendency to be wary of any radical change. Therefore, implementation must involve as few changes to present clinical practices as possible. The system must be available when and where physicians usually make decisions (ie, office, hospital, home). The system must be easy for authorized users to access. Ir a system requires that a physician interrupt the normal pattern of patient care, it will likely fail. The system must be viewed asa helpful instrument, rather than a hindrance to efficiency oras a professional threat. 16 Properly implemented, a model expert system would reduce problems related to the requesting of examinations in the radiology department without ever removing the actual decision-making from the physician.
RIMS AND PACS
There has been a rapidly growing interest in expert systems, not only as independent systems but as logical extensions of existing information systems. 17 An important aspect of the expert system is its ability to interact with the RIMS.
The installation of a RIMS would eliminate several problems even without the added benefits of integration with an expert system. A RIMS would help the radiology department become more efficient. The RIMS provides various features including such as patient scheduling; patient registration; patient processing; patient tracking; film management; diagnostic reporting (transcription and management); inventory control; statistical reporting; billing; special interest and teaching files; and interface to the HIS.
Joining the RIMS with the radiology expert system and eventually a Picture Archiving and Communication System (PACS) would allow the systems to consider all pertinent patient data, further increasing the physicians diagnostic capabilities.
A PACS is a computer system of storage, transmission, and display based on digital imaging. It is a system of stations interconnected by a network. The stations carry out key functions in medical imaging: acquisition stations (where the images are created by a diagnostic device in contact with a patient), display stations (where the images are selected and displayed), work stations (where images can be selected, displayed, manipulated, and annotated), and archives (where images can be stored for later recall and use). TM The advantages of digital films include less space taken up in archives; easy manipulation for image enhancement; availabil-ity to multiple users in different locations (hospital, office etc); and they are less subject to loss and pilferage. 19 Radiologists would study the images on computer terminals and the transcribed report would then become part of the image record. Referring physicians could view the images and read the reports even in their offices. A radiologist and the referring physician could review findings by telephone while both concurrently studied the image on separate terminals. 19 At present, existing PACS are limited in scope and use. The chief obstacles to the installation of PACS are equipment costs and the costs of the development of technology. 2o The development of a complete system requires technical developments in several areas, including both hardware and software. Once such obstacles are overcome, PACS system will change the operation of imaging facilities and their relation to the rest of the health care system.
The combined system of a RIMS, HIS, expert system, and a PACS would lead to a total digital radiology department and move the department closer to its ultimate goal--the improvement of health care.
CURRENT LIMITATIONS AND PROBLEMS
At present, there are various limitations that restrict the implementation of expert systems in radiology departments. Several systems need extensive work on their knowledge bases in order to include all the procedures required.
The programmers of the expert system would need to be sure that all of the pertinent radiology procedures were covered by the system. At first those tests of greatest use and priority would be encoded into the system, followed by those tests of lesser importance and function. Tests could be ranked according to the frequency of their use and the magnitude of information they provide the radiologist.
Sources for the system's rules should be acquired from books, articles, and domain experts. It would be necessary to hire a support person to determine whether this information was up to date, and to modify this material when required. This support system employee would need the assistance of expert radiologists and physicians to review the system and help update its knowledge base. Such a review panel would ideally be found within the hospital itself. This would allow the system to remain up to date without demanding the additional cost of out-ofhouse experts.
A lot of research needs to be done on the user interfaces; the systems have to be made extremely easy and desirable to use. This would be the most difficult and time consuming aspect of a system's development. Another important aspect of the radiology expert system's future growth will be making it capable of being linked with an assortment of RIMS. Unfortunately, there is not one particular RIMS that dominates the information systems field. Therefore, the system would have to be able to mesh quite easily with various RIMS. Drawbacks regarding such aspects as response time and various other problems with interfaces and integration are technological limitations. These problems would decrease greatly with time and the expansion of computer technology. Elimination of such restrictions appears to be possible with extensive research, development, and time. With these components, the model expert system would be moving towards becoming an ideal system for widespread installation into hospitals.
SYSTEM EVALUATION AND TESTING
Before implementing any system into a radiology department, the expectations of the system and how it will be evaluated must be determined. An extensive discussion of the need for such a continual study of the system's abilities is found in Shortliffe and Buchanan. 23 The long range goals, motives, and expectations for building and implementing an expert system must be identified. It is important to remember that although the system could help reduce the use of radiologic examinations, its primary goal would be to help its users become more efficient and knowledgeable regarding the ordering of radiologic tests. The expert system would initially be used for education and would be expected to serve as a teacher to clinicians, physicians, or others who needed or wanted to use the system. Primary evaluation would be done by these users. Their initial reactions to the system as well as their continued use and any visible changes in their decisions regarding radiologic examinations would act as the hospi-tal's primary indicator regarding the system's success. Afteran order-entry expert system was implemented, a more extensive evaluation would be done. It would be possible to evaluate if any radiologic workup changes occurred because of the system's critiques. Changes in the use of tests and any increase in the overall efficiency of the radiology department could also be surveyed. By measuring pertinent parameters such as patient waiting time for available tests, overall use of tests, and the frequency of irrelevant or duplicate tests (before and after system use), the department could more accurately rate the system's performance.
An significant area where the expert system should be tested is its ability to improve patient care (through fewer management errors and appropriate examinations). Also of importance is whether the system is used. A computer system may be able to do many wonderful feats and solve great numbers of problems but if the physician does not use the system (either because of distrust of computers, the system's inability to integrate into the everyday practice of the physician, or for numerous other reasons), then the system is a waste. One way to avoid this is to be aware of what the user would be comfortable using, how best to integrate it into the department, and what features would make it more attractive and helpful to its users.
The expert system would be tested on how close it is to the department's "ideal" system, whether its reasoning is "correct," its input/ output content and medium, its efficiency and cost effectiveness, the response time, necessary time commitment of the user, success when dealing with test cases, and the ease of maintaining its knowledge base current and accurate.
Before being used for clinical use, the system's knowledge would be tested for accuracy, completeness, and consistency. It would be important to determine a standard by which to measure the system's performance. Once the system is in actual clinical use, the evaluators would concentrate on the physician's actions (whether the user alters his or her behavior based on the system's advice).
The expert system program would be rated on its ability to give "correct" answers. We must define whether the radiology department expects "correct" answers, as in the Truth, or simply the same as a human expert. Some radiologists are notas concerned with the system's ability to provide the Truth but rather its skill in giving explanations and justification for its recommendations." Such explanations help develop the user's trust in the computer, as well as serve asa method for detecting errors in the logic of the knowledge base.
The initial function of the expert system as a tutor would allow the user to become comfortable and confident with the system while drilling the system's intelligence and thus uncovering any areas of weakness. 24
Many of the system's shortcomings are caused by limitations of current technology. We must separate the evaluation of the system's design from such technological weaknesses. It must then be determined if there is any way to lessen the effect of these limitations on the system's capabilities, or to help technology to advance, enabling these restrictions to be eliminated.
FUTURE OPPORTUNITIES
Once an expert system is established in the department, researchers could begin concentrating on the feasibility of integrating a PACS system. The combined package of the RIMS, expert system, and eventually the PACS would greatly benefit the radiology department. The advancement of the techniques and examinations with which the physicians and clinicians (as well as the radiologists) are familiar and comfortable would increase.
Ideally, with minimal programming changes, the expert system would be installed in hospitals across North America. This would allow greater communication between radiology departments and provide both the hospital and the patient with additional benefits.
Unfortunately, there is not one exclusive RIMS that dominates the market. This signifies that the developed system will have to be reasonably generic so that it could be linked with a variety of systems. Fortunately, the majority of working RIMS are written in Massachusetts General Hospital Utility Multi-Programming Unit (MUMPS). Once the system is developed and installed in one hospital, supple-mentary work would be done so that the system could be situated in separate hospitals with different RIMS.
CONCLUSION
Of all the medical disciplines, diagnostic radiology is most dependent on computer technology. Numerous of the imaging techniques introduced during the last 20 years would not exist were it not for the advanced hardware and software that propels them. However, educational uses of computers in radiology have been significantly lacking. 25 An expert system radiology consultant would be a step towards ending this void.
A certain degree of uncertainty and therefore misuse of diagnostic imaging examinations will always be present in the medical practice and will not be eliminated by any technique, however powerful. An expert order entry system would attempt to help the physician come to the best decision given the restrictions imposed by these uncertainties.
An ideal expert system would aid the hospital in which it was implemented in numerous ways. It would help eliminate needless examinations. At the same time, it would be aiding physicians, clinicians, and radiologists to keep up-to-date and familiar with the latest diagnostic imaging techniques and their applications. Those who develop and install radiology expert systems in the future will be provided with a rewarding and educational experience. The most significant benefit, however, will be for the forthcoming patient who receives an improved level of health care.
